Abstract. Reported here are results from an airborne photochemical/sulfur field study in the equatorial Pacific. This study was part of NASA's Global Tropospheric Experiment (GTE) Pacific Exploratory Mission (PEM) Tropics A program. The focus of this paper is on data gathered during an airborne mission (P-3B flight 7) near the Pacific site of Christmas Island. Using a Lagrangian-type sampling configuration, this sortie was initiated under pre-sunrise conditions and terminated in early afternoon with both boundary layer (BL) as well as buffer layer (BuL) sampling being completed. Chemical species sampled included the gas phase sulfur species dimethyl sulfide (DMS), sulfur dioxide (SO2), methane sulfonic acid (MSA)•, and sulfuric acid (H2804),,. Bulk aerosol samples were collected and analyzed for methane sulfonate (MS), non-seaø-salt sulfate (NSS), Na +, CI-, and NH4 +. Critical non-sulfur parameters included real-time sampling of the hydroxyl radical (OH) and particle size/number distributions. These data showed pre-sunrise minima in the mixing ratios for OH, SO 2, and H2SO 4 and post-sunrise maxima in the levels of DMS, OH, and H2SO 4. Thus, unlike several previous studies involving coincidence DMS and SO 2 measurements, the Christmas Island data revealed that DMS and SO 2 were strongly anticorrelated. Our "best estimate" of the overall efficiency for the conversion of DMS to SO 2 is 72+22%. These results clearly demonstrate that DMS was the dominant source of SO 2 in the marine BL. Using as model input measured values for SO 2 and OH, the level of agreement between observed and simulated BL H2SO4(g ) profiles was shown to be excellent. This finding, together with supporting correlation analyses, suggests that the dominant sulfur precursor for formation of H2SO 4 is SO 2 rather than the more speculative sulfur species, SO 3. Optimization of the fit between the calculated and observed H2SO 4 values was achieved using a H2SO 4 first-order loss rate of 1.3 x 10 -3 s -•. On the basis of an estimated total "wet" aerosol surface area of 75•tm2/cm 3 a H2SO 4 sticking coefficient of 0.6 was evaluated at a relative humidity of -•95%, in excellent agreement with recent laboratory measurements. The Christmas Island data suggest that over half of the photochemically generated SO2 forms NSS, but that both BL NSS and MS levels are predominantly controlled by heterogeneous processes involving aerosols. In the case of MS, the precursors species most likely responsible are the unmeasured oxidation products dimethyl sulfoxide (DMSO) and methane sulfinic acid (MSIA). Gas phase production of MSA was shown to account for only 1% of the observed MS; whereas gas phase produced H2SO 4 accounted for •20% of the NSS. These results are of particular significance in that BL-measured values of the ratio MS/NSS have often been used to estimate the fraction of NSS derived from biogenic DMS and to infer the temperature environment where DMS oxidation occurred. If our conclusions are correct and both products are predominantly formed from complex and still poorly characterized heterogeneous processes, it would suggest that for some environmental settings a simple interpretation of this ratio might be subject to considerable error.
proceed by both addition and abstraction pathways, the addition branch having the stronger temperature dependence and being dominant at low temperatures. These results have led some investigators to suggest that the ratio of MS to NSS should increase with decreasing temperature and hence with increasing latitude (see review by Berresheim et al. [ 1995, and references therein] ). This argument presupposes, however, that (1) we know that MSA is exclusively formed through the addition channel and that the temperature dependencies of all other processes leading to the formation of aerosol phase MS are well understood, and (2) that we fully understand what fraction of each OH-initiating channel is converted into SO 2 and subsequently to NSS, and that the temperature dependencies of all steps are understood. Suffice it to say, the information now available regarding these two problem areas is far from being adequate.
Given the above setting, the field data generated during NASA's Global Tropospheric Experiment (GTE) Pacific Exploratory Mission (PEM) Tropics A field program have provided an excellent opportunity to explore several key areas of uncertainty in DMS oxidation chemistry. These include (1) direct evaluation of the DMS -* SO 2 conversion efficiency for the OH/DMS reaction; (2) direct evaluation of the conversion of DMS -*MSA(g); (3) identification of H2SO 4 precursor species; (4) direct evaluation ofthe aerosol sticking coefficient for H2SO 4 under tropical marine conditions, and (5) the exploration of alternative mechanisms that could lead to the formation of MS and NSS. The data used in this study were predominantly those recorded during NASA's P-3B flight 7; however, data from P-3B flights 6, 10, and 11 were also considered, as were tropical data from NASA's DC-8 flights 4 and 5.4.2.
Observations
Sulfur species measured during the P-3B flight program included DMS, SO2, H2SO4(g), MSA(g), MS, and NSS. Still other key measurements included OH, aerosol size/number distribution, CH3I, dew point, and temperature. DMS and SO 2 were measured using an isotopic-dilution gas-chromatography mass-spec system involving cryogenic trapping of individual samples. This system has been previously described by Bandy et al. [1992, 1993] . The data collection rate for the PEMTropics system was typically one sample/6 min and the limitof-detection (LOD) values for DMS and SO 2 were 2 and 1 pptv, respectively. Measurements of H2SO4(g ), MSA(g), and OH were carried out using the chemical-ionization mass spectrometry (CIMS) technique. The typical time resolution for this system was 30 s and the LOD for all three species was in the range of 1-2 x 105 molec/cm 3. Details concerning the latter technique have been previously reported by Tanner [1991, 1993] and Tanner and Eisele [1995] . The size/number distribution of aerosols was evaluated using three As noted earlier in the text, the primary focus of this study will be the HOx/sulfur data recorded during P-3B flight 7. During this flight, sampling of both the boundary layer (BL) and buffer layer (BuL) were carded out together with one vertical profiling of the lower free troposphere, for example, 4.8 km. The authors note that throughout this text the tropospheric region spanning the top of the BL to the bottom of lower free troposphere (LFT) will be labeled the "buffer" layer, following the recent description of this layer provided by Russell et al. [1998] .
The data recorded during P-3B flight 7 were unique relative to those recorded during other PEM-Tropics A flights in that a Lagrangian sampling strategy permitted our following/sampling of a generic air parcel over a significant fraction of a solar cycle. As shown in schematic form in Plate 1, the strategy employed involved taking advantage of the km. To keep the aircraft positioned in the same general air mass over the entire 8«-hour sampling period, the coordinates of each new circle were shifted to a downwind position estimated from the most recent wind speed reading. Near the midpoint of the mission, a circular sampling pattern was flown at 4.8 km, the purpose of which was to examine the vertical structure of the atmosphere from the BL to the lower free troposphere. Given that the average wind speed and direction during flight 7 were closer to 9.2 m/s and-120 ø, we estimate that the geographical location of the air parcel being sampled 2 to 3 days earlier would have been in the range of 6øS, 130øW to 9øS, 137øW. As shown in Figure la 
Modeling Analysis and Discussion

Sulfur Chemistry
The salient features of the DMS oxidation chemistry used in this study are shown in Plate 3. This scheme reveals most of the key intermediates thought to be involved in the overall oxidation of DMS, the final stable end-products from this chemistry, and the critical oxidizing agents promoting this chemistry. Major uncertainties in the mechanism (e.g., steps without laboratory kinetic or field data to support them) are identified with the "?" symbol. It will also be noticed that Plate 3 contains several "[3" and "¾" symbols. These symbols identify areas in the mechanism where currently it is thought that a given elementary reaction leads to more than one set of reaction products. The symbol "[3" is employed to indicate a specific branching process in an elementary reaction, and thus will be refereed to as a branching ratio (BR). For cases where multi-step processes are involved in producing a stable product, with the intermediate(s) not well known or not measured, we have used the symbol "¾". Thus, ¾ can be viewed as an "overall conversion efficiency factor" (OCEF).
In some cases it will also prove convenient to refer to not only the overall ¾ but to ¾add and ¾abst as they relate to product yields from specific OH reaction channels. when compared to our current estimate of the uncertainty associated with correcting the "dry surface area" values for relative humidity effects. The latter could be as large as a factor of 1.5 to 2. For flight 7, the BL and BuL relative humidity range was 73-95%. The correction for relative humidity was done using the growth profiles of Tang [ 1980] . The authors note that the uncertainty associated with the relative humidity correction to the total surface area propagates through to all estimates of the aerosol sticking coefficient, for example, (•(H2SO4 hOverall MSA production efficiency was estimated at 0.5% from the DMS/OH addition and abstraction channels. The 3'14 and 3'8 values were each assigned 50% of this total.
Detailed Model Description
iThis physical removal rate can be partitioned three ways: dry deposition, aerosol scavenging, and sea-alt scavenging.
If dry deposition were the only pathway, the deposition velocity would be 0.6 cm/s.
JThe rate limiting step for converting DMSO and MSIA to MSA(p) has been assigned to condensation/scavenging. 
EMD -I [DMS(z)]dz (3) [DMS]m•
The equivalent mixing depth can thus be viewed as the height of an atmospheric column that contains all DMS mass (both buffer and boundary layers) but at BL concentrations.
As discussed by Chen et al. [1999] , the EMD resolves the sticky problem of transport between the BL and the overhead atmospheric BuL, a problem which in the past has frequently been dealt with by using an artificially high value for the BL height [Yvon et al., 1996a] . The fact that the DMS lifetime is typically quite similar in both the BL and buffer layer tends to minimize any chemistry problems arising from the use of equation (3).
Operationally, the value of EMD can be directly evaluated if there are adequate airbome observations of DMS recorded during descents and ascents to and from the BL. From a practical point of view, however, such an assessment is highly dependent on the vertical resolution of the DMS measurements. For cases where it is low, we have found that highresolution measurements of the short-lived species CH3I can serve as a surrogate species. The major limitation in its use is that defined by the difference in the respective lifetimes of each species. For example, CH3I lifetime is controlled by UV photolysis and typically is 2 to 3 times longer than that for DMS. The use of CH3I measurements therefore tends to give an upper limit value for EMD. Lower limit values, on the other hand, can be defined by the simple use of the BL height itself. As shown in Figures 2a and 2b , in the current study both DMS and CH3I were used to evaluate EMD.since the DMS data sampling rate during vertical ascents and descents was quite low. For flight 7 the results were within -30% of each other, the EMD derived from DMS being 1.3 km and that from CH3I 1.7. From Figure 2b it can it can be seen that the mixing ratio for DMS shows a modest discontinuity at the top of the BL, followed by a near exponential roll-off moving through the BuL into the LFT. As seen in Figure 2a , no such discontinuity is observed for CH3I, but this may partially reflect the much higher density of data for this species than for DMS. Both EMDs are seen as being significantly larger than the BL height . Both research groups examined the products generated from the DMSO/OH reaction. In both cases, SO 2 was found to be among the major products identified.
Although the above arguments would seem to support the notion that ¾total values for SO 2 formation might be expected to be closer to 0.70, the fact that the flight 7 data are most compatible with values of 1.0 leads one to conclude that there most likely are some important aspects of this field study that are still not fully understood and/or properly represented. For example, it is possible that significant inhomogeneities existed within the region sampled due to the extensive shallow convection in the area. If so, one could argue that the measured SO 2 may not have been representative. Evidence supporting this notion can be found in the sizeable variations observed in the levels of SO 2 within some of the individual BL circular sampling patterns (e.g., ñ 11%).
One could also ask whether inhomogeneities in the DMS flux field may not have been the source of the problem. For example, in another related study (unpublished results), BL DMS/SO 2 exploratory modeling runs illustrated what could happen if a generic air parcel were allowed to sequentially pass over contiguous marine regions having quite different DMS flux fields. As related to flight 7, these results suggest that an elevated DMS flux field upwind of the region sampled, but still well within the equatorial up-welling, could have been a major contributor to the observed elevated levels of SO 2. In combination with the inhomogeneity issues just raised there is also the question of how well the complex transport processes involved in the Christmas Island study were represented in our model. As noted earlier in section 3.2, vertical transport in our study was parameterized in the form of a single non-time varying value for the mixing parameter, "M". This obviously represents a significant over-simplification of the dynamical processes occurring during the Christmas Island study.
A quite different answer to the SO 2 shortfall issue could be that we simply failed to measure all available biogenic sources of sulfur, e.g., dimethyl disulfide (DMDS). Model simulations suggest that because of the large difference in the OH rate coefficients (i.e., nearly a factor of 40), only a very modest DMDS ocean flux (i.e., 10 times smaller than that for DMS) would be adequate to get closure on SO 2. At these low flux levels, no significant early morning perturbation occurs in the model-generated SO 2 profile. As of this writing, however, no investigator has reported a measurable flux for this species, reflecting in no small part the difficulty of making reliable Given the great abundance of H20 in the MBL, this typically results in a lifetime for SO 3 that is less than a few minutes. To be examined here is whether the flight 7 SO 2 and OH profiles are consistent with the simultaneously recorded H2SO4(g ) profile. If so, one could infer that the value of ¾ 10 would necessarily have to be quite small. Recall, in our previous discussions of SO 2 it was concluded that free tropospheric sources of this species were not important and that oxidation of DMS was the dominant BL source of this sulfur species. Given these conditions and the reaction sequence Rla --o R3b, the formation ofH2SO4(g ) from DMS photochemical sources can be expressed in terms of equation (4) Suffice it to say, no chamber or detailed kinetic study has quantitatively answered this important question even though quite frequently it is assumed that only the addition channel contributes to MSA formation. In the very recently reported SCATE sulfur field study, Davis et al. [1998] 
Summary and Conclusions
The diel profile data from the PEM-Tropics flight 7 Christmas Island study have convincingly demonstrated that SO 2 is a major product from the OH/DMS oxidation process. Furthermore, all evidence points to DMS being the dominant source of SO 2 in this environment. Our best estimate for the overall SO 2 conversion efficiency ¾total is-•72%, although some evidence suggests that it could be higher. The above cited SO 2 yield from DMS is most consistent with both the OH/DMS abstraction and addition branches contributing to the production of SO 2. At the high temperatures of the tropical BL, abstraction provides the largest contribution with our best estimate of ¾ 1 being -•0.8. Contributions from chlorine atom oxidation chemistry appear to be no larger than 5 to 10% of that for OH for the tropical conditions encountered at Christmas Island.
An internally consistent picture involving SO 2 and NSS was developed for the Christmas Island study which revealed that over half of the photochemically produced SO 2 is converted to NSS. This appears to occur through both the formation of gas phase H2SO 4 (15%), followed by condensation, and from heterogeneous processes (46%). This suggests that perhaps 39% of the SO 2 is deposited directly to the ocean surface, resulting in an estimated deposition velocity for SO 2 of-0.25 cm/s. Both of the latter values, however, could be as much as a factor of 2 higher, depending upon the representativeness of the NSS observations. Using as input to the model measured values for SO 2 and OH, the level of agreement between observed and model simulated BL H2SO4(g ) profiles was found to be exceptionally good. These results, in conjunction with correlation analyses, suggest that for the tropical conditions near Christmas Island the dominant sulfur precursor in the formation of H2SO 4 is SO 2 rather than the more speculative species SO3, e.g., y 10 • 0.0. Using the observed H2SO 4 diel profile, the model estimated H2SO 4 formation rate, and the total aerosol surface area, the H2SO 4 sticking coefficient tt was evaluated at 0.6 + 0.3. A similar value was determined for the BuL. These high values suggests that H2SO 4 molecules are removed with very high efficiency upon collision with sea-salt particles.
Taking the observed NSS and MS levels at Christmas
Island to be representative of the region, these data strongly suggest that both the levels of NSS and MS are predominantly controlled by heterogeneous processes for a tropical BL setting. In the case of MS, model simulations suggest that the DMS oxidation products DMSO and MSIA are most likely the key species involved. Gas phase production of MSA was shown to account for only -1% of the observed MS. By contrast, gas phase production ofH2SO 4 (and perhaps H2SO3) appears to account for-20% of the NSS, leaving-•80% of the NSS having as its source various forms of heterogeneous reactions, including in-cloud processes. NSS derived from biogenic DMS. It also has been used at times to infer the temperature environment under which DMS oxidation occurred. The primarily assumption that must be made in each case is that the rates for the initiating OH abstraction and addition reactions dictate the product distribution. Critical to the effective use of this ratio, however, is having a very clear understanding of what the actual oxidation products are at a given temperature. Equally important is having a good understanding of what the rate controlling step(s) is/(are) for each product. In some cases the rate of the initiating reaction involving OH probably does provide a reasonable basis for interpreting the MS/NSS ratio. However, for many environments it would seem that this interpretation could be quite problematic.
In a marine tropical environment, for example, our results suggest that the final value for this ratio is strongly predicated on BL heterogeneous chemistry. However, the heterogeneous processes involved in forming MS and NSS may have different temperature dependencies, and quite possibly are influenced to different degrees by the availability of oxidizing agents on aerosol surfaces or levels of oxidants in the aqueous phase. Additionally, one cannot be completely sure at this point whether the critical rate-determining step(s) are gas phase or heterogeneous processes. In the case of heterogeneous conversions involving surfaces, typically the gas transfer rate to the surface itself is rate determining; by contrast, for short-lived liquid aerosols, processes within the aqueous phase can be controlling.
Equally challenging to our old ideas of DMS oxidation is the fact that the product SO 2 now appears to be formed both from the OH addition as well as abstraction channels. Thus, a decrease in temperature, which might have been viewed as causing a decrease in the yield of SO 2 from the abstraction channel, might actually be compensated for by new production from the addition channel. As noted earlier in the text, the latter channel is known to have a strong negative temperature dependency. It is possible, therefore, that the rate of SO 2 production (for a given level of DMS) might even increase with decreasing temperatures. Similarly, DMSO, which under tropical BL conditions appears to be the major source of MS via heterogeneous reactions, could behave chemically quite differently if formed under low-temperature and low-aerosol conditions. For example, instead of being lost to aerosol surfaces, we would predict that it would react with OH to produce SO2, MSIA, MSA, or possibly other products.
In spite of these unresolved issues, we believe the current study has enhanced our understanding concerning the factors controlling the distribution of DMS oxidation products. However, many new questions have been raised and some old questions still remain unanswered. New field studies which measure a wider range of DMS oxidation products (e.g., DMSO and DMSO2) over a 24-hour cycle will be essential. In addition, detailed laboratory kinetic studies of both gas phase and heterogeneous processes will be needed.
